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Introduction

The U. S. Department of Energy's Hanford Site near Richland, Washington, has 
many environmental challenges. This report outlines an experiment performed to 
address isolation and stabilization of burial grounds, trenches and landfills containing 
leachable materials and void space (Ames and Phillips, 1979; Banno and Yoshida, 1992; 
Cline and others, 1980; Francis, 1991; Finland and others, 1989; Harris and others, 
1992; Henckel and Johnson, 1991; Khaleel and LeGore, 1990; Loomis and Low, 1988; 
McLaughlin and others, 1992; Morgan and Bostick, 1990; Phillips and Raymond, 1975; 
Phillips and others, 1977,1980,1993; Phillips and Stewart, 1993; Phillips, 1978; Swanson 
and others, 1988; Voogd, 1992; Wakeley and Brazen, 1992).

In October, 1988, an experiment was performed to test the ability of geophysical 
methods to track where stabilization material actually invades when injected into the 
void space within the gravel layer of the trench fill material. Injected stabilization 
material is intended to reduce or eliminate ground water contact with wastes to 
minimize leaching (Jones and Skaggs, 1989; Khaleel and LeGore, 1990; Francis and 
Spalding, 1991; Wakeley and others, 1992), and to minimize corrosion of waste 
containers (James, 1987,1988; Merz and others, 1987^). Results were initially presented 
in Olhoeft and others (1989). Under the highly resistive soil conditions at the Hanford 
Site, ground penetrating radar proved to be the most effective surface geophysical 
technique to track the stabilization material.

Site Description

Geology (condensed from Newcomb and others, 1972, and Myers and Price, 1979)

The Hanford Site is located on the broad sandy terraces along the Columbia 
River in the semiarid Pasco Basin of south-central Washington (Figure 1). Elevations 
range from 100 m to about 240 m on the terraces, reach 1074 m in the mountains 
adjacent on the west, and extend above 300 m on a few bedrock knobs which rise 
prominently above the surrounding terraces.

The bedrock of the region is the basalt of the Columbia River Group which is 
about 1460 m thick below the site. The basalt is warped and locally is severely 
deformed. The Ringold Formation, of middle or late Pleistocene age, overlies the 
basalt; it consists of up to 365 m of bedded silts and fine sands containing some gravel, 
clay and volcanic ash, and one prominent conglomerate train (Figure 2). The eroded 
surface of the Ringold Formation has been covered by various thicknesses, up to about 
60 m, of glaciofluviatile and fluvial deposits (from the ancestral Columbia River) which 
underlie the land surface in most of the site. These deposits consist of granule gravel, 
sand and pebble gravel with some intermixed and interlayered silt as well as 
interbedded and included cobbles and boulders. Most of the site is terrace land 
underlain by 15 to 30 m glaciofluviatile and fluvial deposits. The differences between 
these deposits and the underlying Ringold Formation are summarized in Table 1.

See also: Bjornstad (1990), Carson and others (1987), Delaney (1991), Gaylord 
and Poeter (1991), Heller and others (1985), Hunter and Busacca (1990), LaSala and 
Doty (1975), Lasmanis (1989), Last and others (1989), Lindsey and others (1989), 
Newcomb and others (1972), Swanson (1982), and Weskes and others (1987).



Hydrology (condensed from Newcomb and others, 1972, and Myers and Price, 1979)

The climate of the Pasco Basin is semiarid indicating 25 to 50 cm of annual 
precipitation. Within the site, the regional water table lies mostly in the Ringold 
Formation, specifically, within the conglomerate zone (figure 2). The Columoia and 
Yakima Rivers are the base level drainage. The water table remains relatively flat for 
about 3 km from the Columbia River then slopes up at about 0. 6 to 2. 8 m/km toward 
the higher elevations. Few bodies of perched ground water occur naturally. The 
glaciofluviatile and fluviatile deposits, much of the alluvium, and the colluvium are 
sufficiently permeable to permit water to infiltrate readily to transfer downward to the 
water table. Regional flow direction is toward the rivers. Surface runoff is minimal and 
there is no annual recharge through the soil. The zone of aeration effectively separates 
the precipitation from the water table. Recharge is mainly from Cold Creek to trie west 
of the site. The effective porosity of the Ringold conglomerate is approximately 11%, 
and that of the overlying deposits is about twice as much.

See also: Bjornstad (1990), Delaney (1991), Drost and others (1989), Gaylord 
and Poeter (1991), Gee and Heller (1985), Heller and others (1985), LaSala and Doty 
(1975), Last and others (1989), Mitchell and Freshley (1987), Naugle (1989), Newcomb 
and others (1972), Newcomer and McDonald (1990), Poeter and Gaylord (1990), 
Rouston and Johnson (1990), Schalla and others (1988), and Weskes and others (1987).

Environmental Challenges

Environmental problems at Hanford include contaminated surface and near- 
surface soil, sediment, and water and contaminated ground water. Some man-made 
basins and ponds are contaminated with low-level radioactive waste (LLRW) mixed 
with organic and inorganic hazardous materials and heavy metals. Soil beneath the 
units may also be contaminated. These areas are unlined and pose a current and 
potential source of vadose zone and ground water contamination. There are areas 
where surface soils that have been contaminated with LLRW mixed with hazardous 
constituents that are associated with above or underground storage tanks, piping, or 
sewer lines. Some soils are contaminated with some combination of petroleum, 
polychlorinated biphenyls (PCBs), volatile organic compounds (VOCs), and heavy 
metals. Other soils are contaminated only by LLRW. Vegetation and animals on the 
site have bioaccumulated LLRW. There are landfills, trenches, or other burial grounds 
containing LLRW mixed with hazardous materials such as organic and inorganic 
materials and metals. Other burial grounds contain only non-radioactive hazardous 
materials. Burial trenches are major sources of vadose zone and ground water 
contamination. There is LLRW mixed with hazardous materials contained in above 
ground storage tanks and associated piping. There are also facilities and equipment on 
site that require decontamination and decommissioning (D&D). A potential exists for 
generating mixed waste through the D&D procedure. Ground water beneath the site 
has been contaminated with tritium and otner radiologic and hazardous constituents.

See also: Battelle (1991), Bryce and Gorst (1990), Elder and others (1989), 
Evans and Murphy (1988), Gerber (1991,1992), Gray (1988,1989, 1990), Jacquish and 
Bryce (1989), Jacquish and Mitchell (1988), Marshall (1987), Price and others (1987), 
Schmidt and others (1990,1991,1992), Shulman (1989), U.S. DOE (1987,1989,1990, 
1991,1992), USGS (1987), Westinghouse Hanford (1989,1992).



Geophysics

Phillips and others (1977) demonstrated the utility of metal detector, 
magnetometer, acoustics, and ground penetrating radar to map buried waste materials, 
waste containers and trench boundaries. Piciulo and others (1985) measured in situ and 
laboratory soil resistivity from the Hanford site in the range of 100 to 1,000 ohm-m. 
Sandness (1991) used electromagnetic induction and ground penetrating radar to locate 
abandoned sewers, burial trenches and pits, determine depth of fill, and locate waste, 
including any outside perimeter fences. Bergstrom and others (1993) used ground 
penetrating radar and electromagnetic induction to investigate several landfill, trench 
and mound sites. The lack of clay minerals and high resistivity of the site makes ground 
penetrating radar the most useful high resolution tool.

Preparation

Laboratory investigations demonstrated an electrical properties contrast 
between the stabilization material to be injected and the Hanford soil. The electrical 
properties that control electromagnetic propagation through a material are the complex 
dielectric permittivity and the DC (direct current) electrical conductivity (or its 
reciprocal: electrical resistivity). Tlie electrical conductivity describes tne ability of 
electric charge to be transported through the material. The dielectric permittivity 
describes the ability of opposite electric charges within the material to be separated by 
a distance (polarized). At frequencies above 106 Hz, the electrical conductivity is a 
fixed, frequency-independent, real number. The dielectric permittivity is a frequency 
dependent complex quantity. The dielectric permittivity is presented here as the 
relative permittivity (dielectric permittivity of the material divided by the permittivity of 
vacuum or free space, e 0 = 8.854x10" 12 Farad/meter).

To parameterize the data, the electrical properties are described by the Cole- 
Cole model (Cole and Cole, 1941), all relative to the free space permittivity:

(i a, r e ) a e)

with the electric loss tangent given as:

=e r"/e r' +a/(ue r'e 0 )

where e r' = real part of the relative complex dielectric permittivity
e r" = imaginary part of the relative complex dielectric permittivity
e t = low frequency limit of permittivity
eoo = high frequency limit of permittivity
w = 2 ?rf = radian frequency [f is frequency in 106 Hz]
i =7(-l) , 
T   = time constant of relaxation [10"° seconds] 
a   = Cole-Cole relaxation breadth distribution parameter 

( = 0 for infinitely broad, = 1 for single relaxation) 
a = DC conductivity [Siemens/m].

The magnetic property that controls electromagnetic propagation through a 
* ' '  ' ' * ' "' '"Tie magnetic permeability is

4 TrxlO"7 Henry/meter, and a real,
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material is the complex magnetic permeability. The magnetic permeability is 
commonly assumed to be that of free space, n0 =



fixed parameter, independent of frequency. This was confirmed by these laboratory 
measurements.

To parameterize the data, the magnetic properties are also described by the 
Cole-Cole model (Olhoeft, 1972), all relative to the free space permeability:

with the magnetic loss tangent given as: 

tan s^ =/i r"/V

where ^ - real part of the relative complex magnetic permeability
/i r" = imaginary part of the relative complex magnetic permeability
H L = low frequency limit of permeability
/ioo = high frequency limit of permeability
w = 2 ?rf = radian frequency [f is frequency in 106 Hz]i =y(-i) ,
Tp = time constant of relaxation [10~° seconds] 
a^ = Cole-Cole relaxation breadth distribution parameter 

( = 0 for infinitely broad, = 1 for single relaxation)

Figures 3 through 14 show the electrical properties of the stabilization material 
and the Hanford soil from 10*3 to 10+ 9 Hz. Figure 3 shows the time dependence of the 
electrical resistivity at 1 Hz for a stabilization material mixed with 28 percent distilled 
water. The resistivity is about 1 ohm-m for nearly 1,000 seconds after mixing, rapidly 
increasing thereafter. The low-frequency complex resistivity spectra of the stabilization 
material are shown in Figures 4 through 6. These measurements may be simply 
described by only the DC conductivity parameter. Figures 7 through 10 show the low- 
frequency complex resistivity spectra of Hanford soil. Note that even water saturated 
(12 weight percent water), there is a 100 to 1 contrast between the soil and the fresh, 
uncured stabilization material. Note in the wet soils of Figures 8 through 10, there is a 
slight induced polarization response near a few Hertz (evidenced as the peak in the 
phase versus frequency) and there is no induced polarization response at all in the 
stabilization materials. This difference in induced polarization response might be 
sufficient to distinguish the stabilization material from the soil if both were water 
saturated, but is insufficient for the dry soil (which has no induced polarization response 
and a resistivity of thousands of ohm-m). See Olhoeft (1985) for further information 
about measuring and interpreting low frequency electrical properties.

Figures 11 through 14 show the high frequency electrical and magnetic 
properties of the Hanford soil. In each figure, the upper left plot is the relative 
dielectric permittivity, the lower left plot is the electric loss tangent, the upper right plot 
is the relative magnetic permeability, and the lower right plot is the magnetic loss 
tangent, each versus log frequency. Each plot shows the forward and reverse 
measurements (the jagged lines) and a smooth curve showing the fit of the model 
parameters. The unchanging line with a minimum near 100 MHz in both loss tangent 
plots represents the minimum resolvable losses for the sample holder and measurement 
system. Also labelled on the plots are the dry bulk density (upper left), water content 
(lower right), and dielectric and magnetic Cole-Cole model parameters (lower plots). 
See Olhoeft (1987) and Olhoeft and Capron (1993) for further information about 
measuring and interpreting high frequency electrical properties. Note again, that even 
water saturated (Figure 14), the soil is resistive enough for good radar penetration. The 
magnetic properties are essentially those of free space and may be neglected.



At the isolation and stabilization site, Geonics EM-31 and EM-34 
electromagnetic induction conductivity meters were used to measure the in situ 
electrical properties. The EM-31 measured 7 mS/m (139 ohm-m) in both coil 
orientations (vertical and horizontal) and both azimuths (line between the coils parallel 
and perpendicular to the trench). The EM-34 measured:

line between coils parallel to trench 
10 m vertical coil 2.1 mS/m 
10 m horizontal coil 2.7 mS/m 
20 m vertical coil 3.5 mS/m 
20 m horizontal coil 5.1 mS/m

476
370
285
196

line between coils perpendicular to trench
10 m vertical coil 2.2 mS/m 
10 m horizontal coil 2.7 mS/m 
20 m vertical coil 3.6 mS/m 
20 m horizontal coil 5.0 mS/m

454
370
277
200

ohm-m 
ohm-m 
ohm-m 
ohm-m

ohm-m 
ohm-m 
ohm-m 
ohm-m

The trench was 3.6 to 4.3 m deep. The in situ measurements of high resistivity suggest 
less than one percent moisture content in the soil.

A Geophysical Survey Systems Inc. SIR-7 ground penetrating radar system was 
used with a pair of antennas having a center frequency in air of 300 MHz. Figures 15 
and 16 show ground penetrating radar measurements of relative dielectric permittivity 
determined in situ from a large volume average. These are performed by walking one 
antenna away from a second fixed antenna. The first arrival is the electromagnetic 
wave through the air between the two antennas. The second arrival is the wave 
travelling just beneath the surface of the earth. The relative dielectric permittivity is 
the square of the ratio of the slopes of the two wave arrival times versus distance. From 
these large volume average in situ measurements, a relative dielectric permittivity value 
of 5 was used to convert two-way travel time into depth for the ground penetrating 
radar cross-sections. This is consistent with the laboratory measurements in Figures 12 
and 13, again suggesting less than 1 percent moisture content in the soil.

Stabilization Material Injection

A particulate slurry of stabilization material (cement, grout, fly ash and water) 
was injected into a simulated low-level radioactive waste disposal crib of known 
morphology and dimensions. The trench was nominally 4.4 m deep and filled with 0.7 
m thickness of gravel with a porosity of 46 percent. The gravel was covered by a plastic 
sheet, and the hole backfilled to a level surface. 13.7 m3 of slurry was injected (1.4 m3 
more than the volume of the gravel void). Figures 17 through 19 show the topography 
of the surface before and after the injection. The mounding evident in the difference 
plot (Figure 19) is the result of the excess injection beyond the gravel void volume. 
Electromagnetic induction conductivity meter and ground penetrating radar 
measurements were performed before, during and after the injection.

Results

On exhumation of the crib, the stabilization material was found to fully 
penetrate the gravel aggregate layer located at the base of the trench. In addition, a 
layer of clean stabilization material was found directly above the gravel approximately



0.4 m thick at the injection riser and decreasing to less than 0.05 m at the longitudinal 
terminus of the crib.

The electromagnetic induction conductivity meter EM-34 measured no 
difference between the before and after injection measurements. The EM-34 volume 
of investigation includes too large a volume of dry soil compared to the volume of 
injected stabilization material to be measurable. The EM-31 placed on the ground 
surface in the middle of the trench measured an 8 percent increase in conductivity as 
the injection occurred, but no measurable difference when measured at 1 m height 
traversing across the trench.

The 300 MHz center-frequency ground penetrating radar directly observed the 
change from air filled gravel to stabilization material slurry filled gravel trench. The 
ground penetrating radar data, in Figures 20 through 55, was processed through the 
following steps:

1) a 60 MHz high pass filter was applied (to remove long period undulations in each 
scan),
2) each scan's mean was adjusted to a value of 127 (the middle of the 8-bit grayscale 
plotting palette),
3) a global average background scan was then subtracted (to reduce the effects of 
antenna ringing),
4} a contrast stretch was applied (to compensate for contrast loss in printing), and 
5) the vertical and horizontal scales were applied and rubbersheeted by a cubic spline 
to topographic locations surveyed by an Sokhisha total station SET-2 electronic 
distance measuring device (to compensate for variations in antenna movement and 
position during the data acquisition process).

A relative dielectric permittivity of 5 was used to convert two-way travel time 
into depth. The horizontal scale was determined by marks recorded on the radar data 
that correlated with the surveying information. Note that slight variations in the range 
gain settings of different data acquisition runs produce amplitude variations between 
radar cross sections that have not been compensated.

Figures 20 through 31 show a time sequence (Table 2) of measurements before, 
during and after the stabilization material is injected along a line (5/6, between lines 5 
and 6 in Figure 19) over the top of and down me middle of the gravel filled trench. In 
Figures 21 through 28, data are missing from 0 to 10 m horizontal distance as injection 
hoses were occupying that space. In Figure 20, the air filled gravel is visible at about 4 
m depth between 7 and 17 m horizontal distance. The trench construction disturbance 
is visible as a reflector coming down from the surface at each end (first visible going 
down to the left at 2 m depth near 3 m horizontal distance and coming back up to the 
surface near 22 m horizontal distance). In Figure 21,12 minutes after injecting water 
and 9 minutes after stabilization material injection started, the stabilization material 
begins to appear as a bright reflector at 10 m horizontal distance. In Figure 22, the 
stabilization material reflector appears between 10 and llm, with a break, and then 
between 14 and 16 m horizontal distance, suggesting the stabilization material filled in 
the gravel by a sinuous path in and out of the plane of the radar data. In Figure 23, the 
stabilization material has filled in the break, snowing a continuous reflector from 10 to 
16 m horizontal distance. In Figure 24, reflector brightness variations along the length 
of the stabilization material suggest higher stabilization material invasion near line C 
than line D. These apparent invasion variations continue in Figures 25 through 31, only 
stabilizing after injection stops. Note also the successive lightening of the reflector
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contrast in Figures 29 through 31 as the stabilization material cures and dries. Also 
note the slight dip to the trench going down from C towards E.

Figures 32 through 34 show the results from line B, perpendicular to and beyond 
the end of the gravel trench. There is no evidence of the stabilization material 
penetrating beyond the end of the gravel.

Figures 35 through 38 show the results from line C, perpendicular to and just 
over the end of the gravel filled trench near the injection riser. Note the bright 
reflector that appears between 21 to 25 m horizontal distance as the stabilization 
material is injected. Note also that there are diffractions (tailing from 21 towards 19 m 
and from 25 towards 28 m horizontal distance) appearing at the edges of the trench 
reflection in Figures 36 through 38 that are not present in Figure 35. These diffractions 
indicate a sharp transition on the scale of about a third of a wavelength from 
stabilization material filled gravel to no stabilization material filling at the edge of the 
trench. The other radar sections lack these features, suggesting a more gradual 
transition. The 300 MHz antenna center frequency in air is pulled down to an effective 
center frequency in the ground of 100 MHz by ground loading and dispersion. A 100 
MHz wavelength in relative dielectric permittivity 5 material is about 1.3 m.

Figures 39 through 42 show the results from line D, perpendicular to and across 
the middle of the gravel filled trench. Note the bright reflector that appears between 21 
to 24 m horizontaldistance as the stabilization material is injected. Note the flatter and 
slightly tilted shape of the reflector here compared to line C in Figures 36 through 38, 
where the surface of the stabilization material appears more rounded. Note also (more 
clearly here than for line C) that the brightest reflector in Figure 39 is slightly lower 
than in Figures 40 through 42. In Figure 39, there are reflections from both the top and 
bottom of the gravel filled trench, with the bottom reflection being slightly brighter 
caused by the instrument range gain setting (a variable gain with reception time to 
partially compensate for geometric spreading and material attenuation losses) and a 
slight curvature to the bottom of the trench which produces a focussing effect from 22 
to 23.5 m horizontal distance. The reflection from the top of the gravel filled trench is 
just above the bright reflection between 21 and 24 m horizontal distance and much 
lower contrast (harder to see). In Figures 40 through 42, only the top of the gravel 
filled trench produces a reflection as the stabilization material is too attenuatingto also 
allow measurement of a reflection from the bottom of the gravel filled trench. These 
data are full waveform modeled below.

Figures 43 through 46 show the results from line E, perpendicular to and just 
beyond the end of the gravel filled trench at the opposite end from the injection riser. 
There is no evidence of the stabilization material penetrating beyond the end of the 
gravel.

Figures 47 through 49 show the results from line 5, parallel to and outside the 
edge of the gravel filled trench. There is no evidence of the stabilization material 
penetrating beyond the edge of the gravel.

Figures 50 through 52 show the results from line 6, parallel to and down the 
middle of the gravel filled trench. The gravel filled trench and injected stabilization 
material appear between 7 and 17 m horizontal distance.

Figures 53 through 55 show the results from line 7, parallel to and outside the 
edge of the gravel filled trench. There is no evidence of the stabilization material 
penetrating beyond the edge of the gravel.



Full waveform forward modeling of the ground penetrating radar data was 
performed using the model of Powers and others (1992). Figures 56 through 59 show 
the model results for the middle of the trench from cross section line D (Figures 39 
through 42). The direct arrivals and stratigraphic radar reflectors above the gravel level 
in the trench were removed to scale just the reflection from the gravel layer. In each 
figure, the left half shows the radar data (dashed line) with range gain removed and the 
model result (solid line) versus two-way travel time. The right half of the figure shows 
the model. The rightmost number is depth in meters. Remaining numbers in each 
layer are the real (K1 ) and imaginary (K") relative dielectric permittivities and the DC 
electrical conductivity (con) in mS/m. The bottom two numbers are the zero offset 
(Offs) for the dataset (an arbitrary number for a GSSI SIR-7) and the coupling ratio, 
Cr. The coupling ratio compensates for the pull-down of the center frequency of the 
antenna (nominally measured in air and 300 MHz in this data set) when the antenna is 
placed on the surface of a dielectric material (a ground loaded antenna). In these 
examples, it is also used to compensate for the frequency dependent electrical 
properties of the soil which cause pulse broadening or dispersion (requiring an 
apparent center frequency of 100 MHz for this data). The high frequency ripple seen in 
the model (most pronounced in Figure 59) is the result of truncation and rounding 
errors in the double precision calculations.

Figure 56 shows the results before injection when the gravel voids are air filled. 
Figures 57, 58, and 59 show the results at 0.25,16.5 and 62 hours after the injection 
ended. In each of these figures, the 3.4 m depth reflector overlain by relative 
permittivity 5.0 material should produce a reflection at 50.7 ns two-way travel time. 
However, dispersion in the soil (the freqency dependent properties seen in Figures 11- 
14) causes the transmitted pulse to be low pass filtered as it passes through the soil and 
to see an apparently increasing permittivity with depth as the center frequency of the 
pulse decreases. This causes a later arrival time. As this model is non-dispersive, a 
compensating factor was added to the offset parameter, Offs, to align the model and 
field pulse arrivals. Note the reversal in the sign of the pulse as the air filled voids 
become wet stabilization material slurry filled voids (compare Figures 56 and 57). The 
air filled voids also allow a reflection from the bottom of the gravel as well as the top 
(Figure 56) but the slurry filled voids are too attenuating (from high electrical 
conductivity) to see the bottom reflection. Note also that the electrical properties in the 
lowest layer decrease with time as the stabilization material cures. The coupling ratio 
for the transmitted pulse was adjusted to fit the pulse width in Figure 56 (the ground 
loading of the surface relative permittivity of 5 plus the dispersive scattering of the dry 
gravel layer). Note how the field data pulse from the wet gravel reflector is even more 
dispersive in Figure 57 (broader compared to the model with the same coupling ratio as 
Figure 56), and then declines slightly in Figures 58 and 59 as the stabilization material 
begins to cure.

Conclusions

Complex resistivity (also known as induced polarization) has no contrast and 
poor resolution, insufficient to locate the stabilization material. Electromagnetic 
induction conductivity mapping also has little contrast and poor resolution, insufficient 
to locate the stabilization material. Ground penetrating radar demonstrated high 
contrast and resolution sufficient to locate and track the stabilization material. As the 
stabilization material cures over more than a few tens of hours, the contrast reduces, 
making location with any electrical method (including ground penetrating radar) 
difficult.
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Table 1. Lithologies and alterations of the Ringold Formation and glaciofluvatile and 
fluvatile deposits near Hanford Site (from Myers, and Price 1979).

Characteristic Ringold Formation Glaciofluviatile and 
fluviatile deposits

Lithology:
Rock types

Grain sizes

Induration

Sorting

Grain shapes

Alterations: 
Rinds

Cementation

Secondary

Upper Columbia River materials 
predominate, almost exclusively 
below medium-sand sizes.

Silt and fine sand predominate; 
many thick and continuous silt 
and clay strata present.

Silt and clay compact; gravel and sand 
compact and contain strongly cemented 
beds; only newly exposed silt and sand 
vulnerable to wind erosion.

Well sorted but uniform sand fills 
interstices of gravel; gravel and sand 
are clean washed.

Gravel well rounded; silt and finer sand 
is angular.

Alteration of rinds 1/32 to 1/8 in. 
thick on basalt pebbles.

Caliche impregnations; concretions in 
some clays; some sand beds contain 
well cemented layers.

Secondary gypsum; fossil bone is 
petrified.

Nearby basaltic materials 
predominate in gravel sizes 
and are relatively high in sand 
sizes.

Except for Touchet Beds, gravel 
and coarse to medium sand 
predominate; little clay present - 
only discontinuous silt beds and 
lenses.

Material mostly loose; finer- 
grained material blows badly in 
desert situations.

Mostly poorly sorted except in 
parts of the Touchet Beds. Gravel 
particles mostly silt dusted.

Gravel well rounded; boulder blocks, 
silt, and sand are angular.

No appreciable alterations.

No known concretions; no appreciable 
cementation; only slight caliche 
accumulations.

No known secondary gypsum; no 
known petrified bone.
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Table 2 - Time sequence of events.

Time Event Figure

16:04 Begin injecting Water

16:07 Begin injecting stabilization material slurry

16:16 Ground penetrating radar line 5/6 21

16:30 Ground penetrating radar line 5/6 22

16:45 Ground penetrating radar line 5/6 23

17:00 First truck empty
Ground penetrating radar line 5/6 24

17:38 Begin injecting second truck load

17:45 Ground penetrating radar line 5/6 25

18:00 Ground penetrating radar line 5/6 26

18:15 Ground penetrating radar line 5/6 27

18:30 End injection
Ground penetrating radar line 5/6 28

18:45 Ground penetrating radar line 5/6 29 
(0.25 hour after injection ends)

Ground penetrating radar line 5/6 30 
(16.5 hours after injection ends)

Ground penetrating radar line 5/6 31 
(62 hours after injection ends)
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Figure 1. Location of the Hanford Site (from Bergstrom and others, 1993).
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Figure 3 -

Variation in 1 Hz electrical resistivity of a mixture of 28 weight percent water in 
stabilization material as it cures. Solid line is versus log time; dashed line is versus 
linear time.
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Figure 4 -

Complex resistivity versus frequency of stabilization material mixed with 28 weight 
percent water just after mixing. Circles are the resistivity. Triangles are the total 
harmonic distortion (one measure of nonlinearity, see Olhoeft, 1985). Squares are the 
phase between the applied current and resultant voltage response (a measure of 
polarization and usually indicative of chemical reactivity below 103 Hz). Error bars are 
shown where larger than the plotting symbol.
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Figure 5 -

Complex resistivity versus frequency of stabilization material mixed with 22 weight 
percent water 3 days after mixing. Circles are the resistivity. Triangles are the total 
harmonic distortion (one measure of nonlinearity, see Olhoeft, 1985). Squares are the 
phase between the applied current and resultant voltage response (a measure of 
polarization and usually indicative of chemical reactivity below 103 Hz). Error bars are 
shown where larger than the plotting symbol.
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Figure 6 -

Complex resistivity versus frequency of cured stabilization material saturated with tap 
water. The sample had 36.5 volume percent water accessiblaporosity and 39.3 percent 
helium accessible porosity. Dry bulk density was 1.426 g/cnr and grain specific gravity 
from helium pycnometry was 2.352 g/cm . Circles are the resistivity. Triangles are the 
total harmonic distortion (one measure of nonlinearity, see Olhoeft, 1985). Squares are 
the phase between the applied current and resultant voltage response (a measure of 
polarization and usually indicative of chemical reactivity below 103 Hz). Error bars are 
shown where larger than the plotting symbol.
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Figure 7 -

Complex resistivity versus frequency of Hanford soil with 3 weight percent distilted 
water. The soil had a grain specific gravity by helium pycnometry of 2.890 g/cnr and a 
specific surface area by Brunauer-Emmet-Teller nitrogren adsorption isotherm of 6.12 
mz/g. Circles are the resistivity. Triangles are the total harmonic distortion (one 
measure of nonlinearity, see Olhoeft, 1985). Squares are the phase between the applied 
current and resultant voltage response (a measure of polarization and usually indicative 
of chemical reactivity below 103 Hz). Error bars are shown where larger than the 
plotting symbol.
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Figure 8 -

Complex resistivity versus frequency of Hanford soil with 5 weight percent distilled 
water as in Figure 7. Circles are the resistivity. Triangles are the total harmonic 
distortion (one measure of nonlinearity, see Olhoeft, 1985). Squares are the phase 
between the applied current and resultant voltage response (a measure of polarization 
and usually indicative of chemical reactivity below l(r Hz). Error bars are shown where 
larger than the plotting symbol.
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Figure 9 -

Complex resistivity versus frequency of Hanford soil with 10 weight percent distilled 
water as in Figure 7. Circles are the resistivity. Triangles are the total harmonic 
distortion (one measure of nonlinearity, see Olhoeft, 1985). Squares are the phase 
between the applied current and resultant voltage response (a measure of polarization 
and usually indicative of chemical reactivity below 10* Hz). Error bars are shown where 
larger than the plotting symbol.
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Figure 10 -

Complex resistivity versus frequency of Hanford soil with 12 weight percent distilled 
water as in Figure 7. Circles are the resistivity. Triangles are the total harmonic 
distortion (one measure of nonlinearity, see Olhoeft, 1985). Squares are the phase 
between the applied current and resultant voltage response (a measure of polarization 
and usually indicative of chemical reactivity below 1CP Hz). Error bars are shown where 
larger than the plotting symbol.
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Figure 11 -

Complex relative permittivity and permeability versus frequency of dry Hanford soil as 
in Figure 7. The jagged lines are the forward and reverse measurements (measuring a 
coaxial sample holder independently from each end). The smooth solid lines are the 
model fits with the parameters shown (see text). The solid line in the loss tangent plots 
with a minimum near 102 MHz is the residual loss of the measurement system.
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Figure 12 -

Complex relative permittivity and permeability versus frequency of vacuum dry 
Hanford soil as in Figure 7. The jagged lines are the forward and reverse 
measurements (measuring a coaxiarsample holder independently from each end). The 
smooth solid lines are the model fits with the parameters shown (see text). The solid 
line in the loss tangent plots with a minimum near 102 MHz is the residual loss of the 
measurement system.
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Figure 13 -

Complex relative permittivity and permeability versus frequency of Hanford soil with 
1.26 weight percent water as in Figure 7. The jagged lines are the forward and reverse 
measurements (measuring a coaxial sample holder independently from each end). The 
smooth solid lines are the model fits with the parameters shown (see text). The solid 
line in the loss tangent plots with a minimum near 102 MHz is the residual loss of the 
measurement system.
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Complex relative permittivity and permeability versus frequency of Hanford soil with 
12.78 weight percent water as in Figure 7. The jagged lines are the forward and reverse 
measurements (measuring a coaxial sample holder independently from each end). The 
smooth solid lines are the model fits with the parameters shown (see text). The solid 
line in the loss tangent plots with a minimum near 102 MHz is the residual loss of the 
measurement system.
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Figure 15 -

Paired antenna walkaway using two 300 MHz ground penetrating radar antennas to 
determine in situ relative dielectric permittivity = 4.6.
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Hanford Test Site Topography Before Injection
9B7B54321

0 I 10 18 METERSI'T'ri'-rl
0 10 BO 90 40 N RET

 0. Topographic Contour (Intern! - 0.02 m) 
gpu 300 HH
Injection Well

Figure 17 -

Topography before stabilization material injection. Letters and numbers around the 
top and right edges of the plot are the designations of the surface ground penetrating 
radar lines across the site.
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Hanford Test Site Topography After Injection
9876543E1

0 10 BO M 40 60 FEET
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Figure 18 -

Topography after stabilization material injection.
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Hartford Test Site Topography Difference

10 BO ao M to nrr

Topofraphlc Contour (Interral - 0.02 m) 
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Injection WeU

Figure 19 -

Difference in topography between before and after injection. Note mounding near 
injection point indicative of excess injected slurry volume over available gravel void 
volume.
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Hanford Before Surface

Forward Model 
  Field Scan
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Figure 56 -

Full waveform forward model of ground penetrating radar data from center of line D at 
22.5 m horizontal distance (Figure 39) before stabilization material injection. The 
reflector at 3.4 m depth near 60 ns two-way travel time is the dry gravel trench. The 
solid line is the forward model computed from the model parameters shown at the right 
side of the plot. K' and K" are relative dielectric permittivity, con is the DC electrical 
conductivity in mS/m. The rightmost number is depth in meters to each reflecting 
interface. Offs is a time offset to compensate for the GSSI SIR-7 arbitrary time zero. 
Cr is the coupling ratio to compensate for the lowering of the effective center frequency 
of the antenna by placing it on the ground (it's a ground loaded antenna) and for pulse 
broadening (dispersion) through the frequency dependent material properties of the 
ground.
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Hanfond 0.25 Hour After Injection Ends Surface

Forward Model 

  Field Scan
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Figure 57 -

Full waveform forward model of ground penetrating radar data from center of line D at 
22.5 m horizontal distance (Figure 40) during stabilization material injection, 0.25 hour 
after injection ended. The reflector at 3.4 m depth near 60 ns two-way travel time is the 
wet gravel trench. The solid line is the forward model computed from the model 
parameters shown at the right side of the plot. K' and K" are relative dielectric 
permittivity, con is the DC electrical conductivity in mS/m. The rightmost number is 
depth in meters to each reflecting interface. Offs is a time offset to compensate for the 
GSSI SIR-7 arbitrary time zero. Cr is the coupling ratio to compensate for the lowering 
of the effective center frequency of the antenna by placing it on the ground (it's a 
ground loaded antenna) and for pulse broadening (dispersion) through the frequency 
dependent material properties of the ground.
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Hanford 16.5 Hours After Injection Ends Surface

Forward Model 
  Field Scan
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Figure 58 -

Full waveform forward model of ground penetrating radar data from center of line D at 
22.5 m horizontal distance (Figure 41) 16.5 hours after stabilization material injected 
ended. The reflector at 3,4 m depth near 60 ns two-way travel time is the wet gravel 
trench. The solid line is the forward model computed from the model parameters 
shown at the right side of the plot. K1 and K" are relative dielectric permittivity, con is 
the DC electrical conductivity in mS/m. The rightmost number is depth in meters to 
each reflecting interface. Offs is a time offset to compensate for the GSSI SIR-7 
arbitrary time zero. Cr is the coupling ratio to compensate for the lowering of the 
effective center frequency of the antenna by placing it on the ground (it's a ground 
loaded antenna) and for pulse broadening (dispersion) through the frequency 
dependent material properties of the ground.
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Hanford 62 Hours After Injection Ends Surface

Forward Model 

  Field Scan
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Figure 59 -

Full waveform forward model of ground penetrating radar data from center of line D at 
22.5 m horizontal distance (Figure 42) 62 hours after stabilization material injected 
ended. The reflector at 3.4 m depth near 60 ns two-way travel time is the wet gravel 
trench. The solid line is the forward model computed from the model parameters 
shown at the right side of the plot. K1 and K" are relative dielectric permittivity, con is 
the DC electrical conductivity in mS/m. The rightmost number is depth in meters to 
each reflecting interface. Offs is a time offset to compensate for the GSSI SIR-7 
arbitrary time zero. Cr is the coupling ratio to compensate for the lowering of the 
effective center frequency of the antenna by placing it on the ground (it's a ground 
loaded antenna) and for pulse broadening (dispersion) through the frequency 
dependent material properties of the ground.


